calculated from the calibration curve of PEG standard (Agilent Technologies, Wilmington, DE, USA). 1 H NMR spectra were recorded on a Bruker Avance III 500 MHz spectrometer (Bruker BioSpin, Rheinstetten, Germany) in CDCl3 or DMSO-d6 (Sigma-Aldrich) at room temperature.
Synthesis of α,ω-biscarbonylimidazolyl Pluronic P123 (P123-CI). Pluronic P123 (20.0 g, 3.14 mmol) and CDI (19.8 g, 62.8 mmol) were loaded into a round-bottomed flask and dissolved in 270 mL of tetrahydrofuran (THF). The solution was stirred for 24 h at room temperature. After the reaction, the polymer was poured into diethyl ether to precipitate the polymer. This purification process was repeated three times to remove the unreacted reagents. Finally, the recovered polymer was dried under reduced pressure to obtain α,ω-biscarbonylimidazolyl Pluronic P123 (P123-CI) (19.75 g, 95.9% yield) . 1 
Synthesis of α,ω-bisamino Pluronic P123 bearing disulfide linkers (P123-SS-NH 2 ).
Desalted cystamine (2.02 g, 27.4 mmol) was loaded into a round-bottomed flask and dissolved in 72 mL of N,N-dimethylformamide (DMF). Then, P123-CI (9.0 g, 1.37 mmol) dissolved in 8 mL of DMF was added dropwise into the flask. The solution was stirred for 24 h at room temperature. After the reaction, the polymer was purified by dialysis against methanol for 3 days (Spectra/Por 6, molecular weight cut-off of 1,000) (Spectrum Laboratories). Finally, the solvent was removed under reduced pressure to obtain α,ω-bisamino Pluronic P123 bearing disulfide linkages (P123-SS-NH2) (4.95 g, 53.3% yield). 1 H NMR (500 MHz, CDCl3, Figure S2B ) δ = 1.16 (m, 214H, CH 3 of PPG), 2.69 (m, Then, α,ω-biscarbonylimidazole pluronic P123 (9.0 g, 1.37 mmol) dissolved in 8 mL of DMF was added dropwise into the flask. The solution was stirred for 24 h at room temperature. After the reaction, the polymer was purified by dialysis against methanol for 3 days (Spectra/Por 6, molecular weight cut-off of 1,000). Finally, the solvent was removed under reduced pressure to obtain α,ω-bisamino Pluronic P123 (P123-NH2) (5.85 g, 65.2% yield). 1 H NMR (500 MHz, CDCl3) δ = 1.16 (m, 214H, CH 3 of PPG), 3.40 (m, 71H, -CH2-CH-of PPG), 3.54 (m, 142H, -CH 2 -CH-of PPG), 3.64 (m, 202H, -CH 2 -CH 2 -O-of PEG), 4.35 (t, 4H, -CH 2 -O(=O)-NH-).
Synthesis of α,ω-bisamino

Synthesis of α,ω-bisamino Pluronic P123 bearing cyclic acetal linkers (P123-ace-NH 2 ).
3,9-Bis(3-aminopropyl)-2,4,8,10-tetraoxaspiro[5.5]undecane (6.81 g, 24.8 mmol) was loaded into a round-bottomed flask and dissolved in 100 mL of N,N-dimethylformamide (DMF). Then, α,ω-biscarbonylimidazole pluronic P123 (8.14 g, 1.24 mmol) dissolved in 10 mL of DMF was added dropwise into the flask. The solution was stirred for 24 h at room temperature. After the reaction, the polymer was purified by dialysis against methanol for 3 days (Spectra/Por 6, molecular weight cut-off of 1,000). Finally, the solvent was removed under reduced pressure to obtain α,ω-bisamino Pluronic P123 bearing cyclic acetals (P123-ace-NH2) (7.0 g, 80.9% yield). 1 H NMR (500 MHz,
Synthesis of α,ω-bisamino Pluronic P123 bearing ester linkers (P123-COO-NH 2 ). The Pluronic P123 (10.0 g, 1.57 mmol) was dissolved in anhydrous tetrahydrofuran (THF, 133 mL) under a nitrogen atmosphere. Then, TEA (3.3 mL, 23.5 mmol) and acryloyl chloride (1.28 mL, 15.7 mmol) were successively added to the flask at 0 ºC, and the system was stirred for 24 h at room temperature.
After the reaction, the polymer was purified by dialysis against methanol for 3 days (Spectra/Por 6, molecular weight cut-off of 1,000). Finally, the solvent was removed under reduced pressure to obtain α,ω-bisacryloyl P123 (P123-acrylate) (6.12 g, 60.2% yield). 1 H NMR (500 MHz, CDCl3) δ = 1.13 (m, 214H, CH 3 of PPG), 3.40 (m, 71H, -CH2-CH-of PPG), 3.54 (m, 142H, -CH 2 -CH-of PPG), 3.64 (m, 202H, -CH 2 -CH 2 -O-of PEG), 4.28 (t, 4H, -CH 2 -O-CO-), 5.81 (dd, 2H, -CH=CH 2 ), 6.13 (dd, 2H, -CH=CH2), 6.41 (dd, 2H, -CH=CH 2 ).
The P123-acrylate (5.0 g, 0.53 mmol) and cysteamine hydrochloride (1.2 g, 10.6 mmol) were loaded into a round-bottomed flask and dissolved in anhydrous N,N-dimethylformamide (DMF, 40 mL). The system was stirred for 24 h at room temperature. After the reaction, DMF was evaporated and diluted with water, and the polymer was purified by dialysis against methanol for 3 days (Spectra/Por 6, molecular weight cut-off of 1,000). Finally, the solvent was removed under reduced pressure to obtain α,ω-bisamino Pluronic P123 bearing ester linkages (P123-COO-NH2). 1 
Synthesis of polyrotaxane.
Typical procedure for the synthesis of PRX bearing disulfide linkages (SS-PRX) is as follows: first, a saturated solution of β-CD was prepared by dissolving β-CD (12.0 g, 10.57 mmol) in 600 mL of phosphate buffer saline (PBS) (Sigma). Then, P123-SS-NH2 (1.0 g, 147 μmol) dissolved in a small aliquot of water was added to the β-CD saturated solution, and the system was stirred for 24 h at room temperature, during which a white precipitate of pseudopolyrotaxane was obtained. After the reaction, the precipitate was collected by centrifugation (7,000 rpm, 10 min) and freeze-dried for 1 day to obtain pseudopolyrotaxane as a white powder. Then, Trt-Gly-OH (1.63 g, 5.14 mmol) and DMT-MM (1.63 g, 5.87 mmol) were dissolved in 56 mL of methanol/DMF (1/4 v/v), and this solution was added to the pseudopolyrotaxane. The resulting reaction mixture was stirred for 24 h at room temperature. After the reaction, the precipitate was collected by centrifugation (7,000 rpm, 10 min) and successively washed with DMF and water. This washing process was repeated four times to completely remove the free β-CD and unreacted reagents. The recovered PRX was freeze-dried to obtain SS-PRX (697.2 mg, 20.0% yield based on P123 mol%).
The number of β-CDs threaded onto the P123 was determined from the 1 H NMR peak area between was dissolved in 10 mL of anhydrous DMSO. CDI (235 mg, 1.45 mmol) was added to this solution and stirred for 24 h at room temperature. Then, HEA (439 μL, 7.25 mmol) was added to the reaction mixture and stirred for a further 24 h at room temperature. After the reaction, the PRX was purified by dialysis against methanol for 3 days (Spectra/Por 6, molecular weight cut-off of 3,500). The recovered solution was concentrated and diluted with water. This aqueous solution was lyophilized to obtain HE-SS-PRX as a white powder (231.5 mg, 76.8% yield). The number of modified HE groups on PRX was calculated by the 1 H NMR peak area between 3.04 ppm (-CH 2 -CH2-OH of HE group) and 4.9-5.5 ppm (H1 proton of β-CD). Synthesis of fluorescein isothiocyanate-labeled HE-SS-PRX (FITC-HE-SS-PRX) S3 . HE-SS-PRX (30 mg, 1.15 μmol) was dissolved in 3 mL of anhydrous DMSO. CDI (4.83 mg, 29.8 μmol) was added to this solution and stirred for 24 h at room temperature to activate the hydroxyl groups. Then, FITC-EDA (2.67 mg, 5.95 μmol) was added to the reaction mixture and stirred for a further 24 h at room temperature. After the reaction, the solution was purified by dialysis against water for 3 days (Spectra/Por 6, molecular weight cut-off of 3,500). Finally, the aqueous solution was lyophilized to 
